A developed overall model for sulfur self-retention in ash during
Introduction
During coal combustion the sulfur is converted into gaseous pollutants and solid compounds in ash. The process that encompasses reactions between gaseous sulfur compounds and base oxides in coal ash, due to which a part of the sulfur remains in ash, is designated as sulfur self-retention (SSR). The interest for this process was enhanced with the introduction of fluidized bed combustion (FBC) technology since the temperatures and other conditions are favourable for SSR. The numerous investigations of SSR in FBC conditions •1-6• have shown that a substantial part of sulfur may be retained in ash, decreasing the needed amount of limestone to be added. Puff et al. •1 • reported that around 60% of sulfur is retained due to SSR, while values were near 90% with fly ash recirculation or combustion of coal rich with tailings.
SSR is influenced by various factors, which depend upon coal characteristics and combustion conditions. The most investigated coal characteristics are the molar Ca/S ratio •1-6• or (CaO + MgO + Na 2 O + K 2 O)/S ratio •3, 7• in coal, coal particle size •4-6•, content of sulfur forms in coal and coal rank •8•. Combustion conditions, i. e. temperature, residence time of ash particles, excess air ratio, and other operating and construction characteristics relevant for sulfur self-retention, are largely influenced by the type of combustor •8•.
Apart from experimental investigations, in literature there are several models of the SSR process •4, 9• or correlations •10, 11• for estimating sulfur content in char after devolatilization and in ash after combustion, but their wider applicability has not yet been proven. In this paper an overall (comprehensive) model for SSR is presented, taking into account both devolatilization and char combustion.
Sulfur self-retention model
The processes of combustion and SSR are treated simultaneously. Various aspects of the overall model are outlined in the following sections.
Transformations of sulfur forms during devolatilization
The process of devolatilization is significantly shorter compared to char combustion and due to reducing conditions and lower temperatures the process of SSR during devolatilization is not significant. The sulfur compounds released during devolatilization are subsequently oxidized to SO 2 , outside the coal particles. The amount of sulfur that is released during devolatilization of coal (mostly in the form of H 2 S and to a lesser extent with tar, or as COS and CS 2 ) depends largely on the coal sulfur content, forms of sulfur and to a lesser extent on other coal properties and devolatilization conditions •12•. Although the transformations of sulfur forms during devolatilization are highly complex, based on our previous investigations •13• the following simplifications may be considered:
(1) The total amount of sulfate sulfur in coal remains in char, (2) One half of the pyritic sulfur (in the form of FeS) remains in char as a result of decomposition of pyrite according to the following reaction: FeS 2 ® FeS + S, and (3) The organic sulfur content in char is proportional to the organic sulfur content in coal. The proportionality coefficient can be defined as equal to C fix /(C fix + VM), implying that the organic sulfur is evenly distributed in coal combustible matter, i. e. both in volatile matter and C fix .
Based on the previous assumptions, the following correlation is derived for evaluating the total sulfur content in char (S TCh ), after devolatilization:
where all the values are on dry coal basis.
Char combustion
The developed model for char combustion, which belongs to the microscopic models of intrinsic reactivity and has been presented in detail •14, 15•, is used as a basis for modeling the process of SSR. The model describes the dynamic behaviour of a porous char particle during combustion, i. e. spatial and temporal changes of all important char particle physical properties (porosity, internal specific surface area, thermal conductivity) and parameters (temperature, gas concentrations, effective diffusivity, conversion degree). The main mechanism of heat transfer inside the char particle is conduction and radiation while mass transfer is achieved by molecular diffusion, taking into account porosity and pore tortuosity.
It is assumed that the main reactions of combustion are:
Reaction 2:
Reaction 1 is a heterogeneous reaction of oxidation of solid carbon that takes place both on the surface of the pores and on the surface of the char particle and its rate is:
The values of the activation energy and the pre-exponential factor are E 1 = 179.4 kJ/mol and A 1 = 254.16 mol/m 2 s •16•. The primary molar CO/CO 2 ratio (Reaction 1) is defined by [17] :
Reaction 2 is a homogenous reaction of oxidation of CO that takes place inside the pores and its rate is defined as:
The activation energy for this reaction is E 2 = 55.695 kJ/mol •18•. The pre-exponential factor A 2 is a model parameter and is fitted for various chars, according to own experimental data •15•.
At any time t, the local and overall carbon conversion degree are calculated using the following expressions: 
It is assumed that the local porosity increases proportionally with the local conversion degree of carbon:
The change of the specific internal surface area during combustion is taken into account using the following relation •19•:
SO 2 formation during char combustion
It is assumed that the only product of combustion of sulfur compounds in char is SO 2 . Contrary to the oxidation process of sulfur released during devolatilization, oxidation of sulfur during char combustion takes place inside the char particle. The rate of SO 2 formation is assumed to be proportional to the rate of carbon conversion:
Reaction between SO 2 and CaO grains in char
It is assumed that the active part of CaO in coal, formed as a result of CaCO 3 decomposition and combustion of Ca-containing organic compounds, is the only base oxide that contributes to sulfur retention. Calcium present in clays and silicates cannot react with SO 2 at FBC conditions •8, 20• since in this temperature range these Ca-containing compounds cannot decompose to CaO. The procedure for evaluation of the active part of CaO, as well as a more detailed discussion about Ca forms present in coal, its distribution and activity is presented earlier •20•.
The reaction of SO 2 with CaO (sulfation) is first order with respect to SO 2 and zero order with respect to O 2 •21•. The sulfation reaction has been mostly investigated in the case of SO 2 retention by CaCO 3 as a sorbent •22•. This process is mostly used in FBC combustors, which enable sulfation to take place in the optimum temperature range (800-900 °C).
There are numerous expressions for sulfation kinetics in literature, ranging from empirical ones •23• up to expressions of the Arhenius type •24•. Values of the kinetic parameters (pre-exponential factor and activation energy) differ significantly, depending on the kind of physical model that is used. The basic difference between various models of sulfation is whether formation of a solid product layer of CaSO 4 , as well as diffusion through this layer •25•, is taken into account. In that case the sulfation rate is diffusion limited •26•.
In the existing models •4, 9• of SSR the sulfation rate is taken into account in a simplified manner. Yeh et al.
•4• take the char pore surface area as a measure of the available surface of CaO for sulfation reaction, while Chen and Kojima •9• take into account the concentration of CaO in the coal briquette. In both cases, these simplifications are somewhat corrected by assuming that the sulfation rate decreases proportionally with the conversion degree of CaO.
In this paper a novel approach has been applied for modeling SSR, closely related to the grain model •27• used for SO 2 retention by limestone addition. It is assumed that after devolatilization all of the active Ca is present in the form of CaO grains of the same initial radius (R G,0 ), which are uniformly distributed throughout the char volume. An unreacted shrinking core model is adopted for the following reaction between the CaO grains and SO 2 :
A partially sulfated CaO grain is shown in Fig. 1 . It consists of the unreacted shrinking core, of radius r c , surrounded by a product layer. As the process of sulfation progresses, the size of the grains increases (R G > R G,0 ) due to the larger molar volume of Taking into account the content of Ca in the char particle, CaO grain dimensions and properties of the char particle, the specific surface for the sulfation reaction (m 2 of CaO grains per m 3 of char) is derived as:
The CaO concentration (c CaO ) in eq. (10) is related to the surface of the CaO grains, were the sulfation reaction takes place, and it is determined using the pseudo-steady-state condition: 
Solution of the partial differential eq. (13), with the boundary conditions (14) , gives the CaO concentration profile in the product layer of the reacting CaO grain (Fig.  1) . At the grain surface the value of the CaO concentration is:
The solid diffusion coefficient through the product layer is of the Arhenius type:
The unreacted core radius in time is determined solving the following differential equation that takes into account the net effect of sulfation and decomposition (discussed in next section): 
The determined values of r c enable calculation of the local and overall CaO conversion degree and, in turn, the value of partially sulfated CaO grain radius for each char particle segment: 
where z represents the molar volume ratio of CaSO 4 and CaO (z = 3.09).
CaSO 4 decomposition
There is sufficient experimental evidence that the CaO conversion degree goes through a maximum as the temperature increases •4, 27•. This means that at higher temperatures the process of product decomposition takes place (a kind of a reverse reaction to the sulfation reaction). There are different explanations for this phenomenon in literature: thermal decomposition •21•, reductive decomposition •28• (due to higher CO concentrations) or sintering •29• (which decreases the exposed surface of the CaO grains). In this model the process of decomposition is taken into account with the following expression for the decomposition rate:
Heat and mass balance and boundary conditions
Heat and mass balance, which determine the temperature and concentration profile of gaseous compounds (O 2 , CO 2 , CO, SO 2 ) along the char particle radius, are described by the following partial differential equations:
where j = 1-4 (O 2 -1, CO 2 -2, CO -3, SO 2 -4), and the last terms (DH 3 Â 3 and n 3,j Â 3 )
represent the net effect of SO 2 formation, sulfation and CaSO 4 decomposition on heat and mass balance.
The following relations define the boundary conditions: 
Solution procedure
The total sulfur content in char, after devolatilization, is calculated by eq. (1). All other initial char properties, relevant to char combustion and SSR, are either evaluated from the known coal properties or experimentally determined (porosity, pore size, specific surface area, active part of Ca, etc.). The initial conditions (temperatures and gas concentrations) are based on the presumed values after devolatilization. The evaluation of these initial conditions is not critical, since they affect the calculations only in the first few seconds of char combustion. The values of all parameters are initially constant along the char particle radius.
For numerical purposes, the char particle is subdivided into segments (usually more than 100) of equal volume. At any time t, parameters related to char combustion and SSR for each char particle segment are calculated using eqs. (2-8), (10) (11) (12) , and (15) (16) (17) (18) (19) (20) , based on the current values of temperatures, gas concentrations and other necessary parameters. Then, the system of partial differential eq. (21) and (22) are solved, using the numerical method of control volumes •30•. In this way the values of temperatures and gas concentrations along the char particle radius at time t +dt are obtained. The whole procedure is repeated until all of the carbon in char is consumed.
Model verification
The parametric analysis and experimental verification of the part of the model related to char combustion has been previously presented •15•. It was shown that at FBC conditions the combustion is diffusion controlled and that the agreement between model predictions and experimental results is satisfactory. For char particles of various sizes (R Ch = 2-8 mm), originating from coals of different rank (from lignite to semi-anthracite), and combusting in a fluidized bed reactor at different temperatures, the model was able to predict combustion time and variations of gas concentrations during combustion (measured at top of the bed) with acceptable accuracy.
The cor re la tion for eval u at ing the amount of sul fur that re mains in char, af ter devolatilization, has also been pre vi ously ex per i men tally ver i fied •13•. From Fig. 2 it may be seen that, re gardless of the sim pli fy ing as sump tions related to eq. (1), there is quite good agree ment be tween the cal cu lated and ex per i men tally ob tained val ues of S TCh . This com par i son was done us ing our own ex per imen tal data (six Yu go slav coals rang ing from lig nites to semi-anthracite) and data found in the lit er a ture (twenty Pol ish coals) with quite dif fer ent prop er ties.
Since the above-mentioned parts of the overall model were previously verified, in further text only the part dealing with SSR during char combustion will be considered in greater detail.
Assessment of model parameters
The sen si tiv ity of the model to the vari a tion of k s and D CaO , for dif fer ent val ues of R G,0 , is shown in Fig. 3 . The pre sented curves were ob tained us ing the fol low ing set of data: R ch = 2 mm, Ash = 20%, C fix = =80%, e 0 = 50%, S por,0 = 200 m 2 /cm 3 , S TCh = S CCh = 2%, Ca/S = 1, T = 800 °C and the sur round ing gas is air (c O 2 = = 21%). It may be seen that the vari a tion of k s , in the range of val ues re ported in the lit er a ture •24, 32•, does not sig nif i cantly influ ence the cal cu lated SSR ef fi ciency. On the other hand, the in flu ence of D CaO and R G,0 is quite no tice able. This shows that the pro cess of SSR is lim ited by solid dif fu sion through the prod uct layer and that D CaO and R G,0 are im por tant model pa ram e ters whose val ues should be cho sen by com paring model re sults with ex per i men tal data. Sim i lar con clu sions were ob tained for The in flu ence of the in ten sity of decom po si tion on the tem per a ture depend ency of SSR ef fi ciency is shown on Fig. 4 . If it were as sumed that there is no de com po si tion, the SSR ef fi ciency would con tin u ally in crease with surround ing tem per a ture (curve 1). As previ ously stated, this is not in ac cor dance with the avail able ex per i men tal data in lit er a ture that show that there is an op timal tem per a ture af ter which the SSR effi ciency de creases. If only re duc tion with CO is as sumed, us ing the cor re spond ing E d = 242.0 kJ/mol •33•, the SSR ef ficiency max i mum would be at much higher tem per a tures (curve 2) than reported in lit er a ture (around 850 °C in the case of lime stone). For fur ther analy sis in this work a greater value for E d (300 kJ/mol) is as sumed which leads to a tem per ature max i mum of around 800 °C (curve 3), in com pli ance with the ma jor ity of data for SSR tem per a ture de pend ency in lit er a ture.
Parameter sensitivity analysis
The sensitivity of the model to the variation of molar Ca/S ratio and char particle radius is shown in Fig. 5 . Higher values of Ca/S lead to higher SSR efficiencies, as is well known from literature •1, 2, 4-6, 8-11•. Also, the model predicts that higher values of Ca/S shift the temperature maximum towards higher temperatures. This is a consequence of the still available CaO in the outer layers of the char particle which retain SO 2 at lower temperatures (close to the surrounding conditions) and where the effect of decomposition is thus relatively smaller. With the increase of the char particle radius the residence time of SO 2 inside the char particle increases which leads to higher SSR efficiencies. The shift of the temperature maximum is a consequence of higher temperatures inside larger char particles.
The process of SSR during char combustion may be analysed through the spatial and temporal changes of CaO conversion that are shown in Fig. 6a . Initially, only the CaO in outer layers contribute to the SSR. As combustion proceeds, the SO 2 concentration increases inside the char particle, Fig. 6b , due to which the CaO conversion gradually progresses towards the char particle centre. The final local CaO conversion differs along the char particle radius, decreasing towards the particle centre. The overall model predictions, taking into account both devolatilization and char combustion, are shown in Fig. 7 . Two sets of data for coal characteristics are considered. One set corresponds to a lower rank coal (C fix = 30%, VM = 50%), Fig. 5a , and the other to a higher rank coal (C fix = 60%, VM = 20%), Fig. 5b . In both cases Ash = = 20% and S O + S P = 4%, while Ca/S and S O /S P ratios are varied. The most noticeable difference for these two types of coal is in the amount of sulfur that remains in char, after devolatilization (full lines). This difference increases as the S O /S P ratio increases, as a consequence of sulfur forms behaviour during devolatilization, taken into account by eq.
(1). The molar Ca/S ratio determines the amount of sulfur in char that can be retained in ash during char combustion. From the aspect of overall SSR, the model predicts higher SSR efficiencies for higher rank coals. In the case of lower rank coals it is beneficial if the present sulfur in coal is in the form of pyritic sulfur while in the case of higher rank coals. 
Comparison with experimental results
The results of batch combustion runs were used for experimental verification of the model. Two coals were used, Kolubara and Bogovina, whose characteristics are given in Table 1 and 2. The main differences between these two coals are in their rank, sulfur content and molar Ca/S ratio (only the active part of Ca is taken into account). The batch com bus tion tests were car ried out both in a fluidized bed (FB) re ac tor and in a lab o ra tory oven. For both coals the ex per i ments were done with three par ti cle size frac tions (4.0-7.0 mm, 7.0-10 mm and 10-13 mm) and on three sur round ing tem per a tures (750 °C, 800 °C, and 850 °C). The SSR ef fi ciency was de ter mined tak ing into ac count the total sul fur con tent in coal and in ash, af ter com bus tion: h SO Ash T S S 2 = × / . 100 Dur ing the tests per formed in the FB re ac tor the SO 2 con cen tra tions at top of the bed were mon i tored. A more de tailed de scrip tion of the equip ment used as well as the ex per i men tal pro ce dure is given in •6, 20•.
From Fig. 8a it can be seen that a substantial part of sulfur evolves during devolatilization and that the concentrations of SO 2 , monitored at top of the bed, are significantly higher than during char combustion. Since the evolution of SO 2 during devolatilization is taken into account in the model by the eq. (1), the comparison between experimental and model predicted SO 2 concentrations was done only during char combustion, Fig. 8b . It may be seen that the model can adequately predict the evolution of SO 2 during char combustion.
Model predictions for overall SSR efficiency were compared with the obtained experimental data in Fig. 9 . It may be seen that the model relatively well predicts the levels of the SSR efficiencies, as well as the influence of temperature and particle size. In fluidized bed conditions the maximum values of SSR were obtained at around 800 °C while in the laboratory oven the SSR decreases with temperature. The same dependencies are predicted by the model and they can be explained due to different levels of temperatures inside the char particles during combustion. For the same surrounding temperature, the temperatures inside the char particles are higher when combusting in the laboratory oven due to the lower heat transfer between the particles and the ambient. The increase of SSR levels with the increase of particle size is noticed in all cases and may be explained as a consequence of longer SO 2 diffusion paths in larger particles. The existence of the SSR temperature maximum in the case of FBC conditions and the beneficial effect of particle size are also reported by other authors •4•.
Although the model predicts relatively well the levels of SSR and the influence of temperature and particle size, differences between model predictions and experimentally obtained data are in some cases significant, especially in the case of combustion in the laboratory oven. Apart from the significant non-uniformity of the investigated coals •20•, the possible reasons for these differences can also be found in the simplifications adopted in the model, especially concerning the CaSO 4 decomposition. In the model this phenomena is taken into account by the reaction rate that depends only on temperature, disregarding the effect of the reducing conditions and/or sintering phenomena. 
Conclusion
The developed overall model considers the process of sulfur self-retention both during devolatilization and char combustion. Transformations of sulfur forms during devolatilization are treated in a simplified way, i. e. a derived correlation is used to evaluate the total sulfur content in char, after devolatilization. The model used for char combustion (as a basis for modeling sulfur self-retention) belongs to the microscopic intrinsic models that describe the dynamic behaviour of a porous char particle during combustion. A novel approach has been applied for modeling SSR during char combustion, closely related to the grain model used for SO 2 retention by limestone as a sorbent. It is assumed that SSR is a result of the reaction between SO 2 and CaO in the form of uniformly distributed grains in char.
Parametric analysis shows that the process is limited by solid diffusion through the product layer formed on the CaO grains. The most important coal characteristics which influence sulfur self-retention are coal rank, content of sulfur forms, molar Ca/S ratio and particle radius. The model predicts relatively well the levels of the experimentally obtained values of SSR efficiencies in a FB reactor and a laboratory oven, as well as the influence of temperature, particle size and the surrounding conditions.
The comparison with the experimentally obtained values in a FB reactor and a laboratory oven has shown that that the model can adequately predict the kinetics of the process, the levels of the obtained values of SSR efficiencies, as well as the influence of temperature, particle size and the surrounding conditions. The greater differences, in some cases, between model predictions and experimentally obtained data are attributed to the significant non-uniformity of the investigated coals, but also may be the result of the simplifications adopted in the model, especially concerning the CaSO 4 decomposition. 
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